Introduction
Propositions for solving pollution problems through largescale engineering of the environment are being debated with increasing frequency in the scientific literature. Global level intervention has been discussed for both the greenhouse effect and the stratospheric ozone depletion [Stix, 1989; Martin et al., 1990; Broecker, 1990; Peng and Broecker, 1991 ; $armiento, 1991; Hansen, 1991, p. 60]. Our group has studied a concept specific to the Antarctic ozone hole [Cicerone et al., 1991 [Cicerone et al., , 1992 . We noted that injection of the light alkanes ethane and propane into the south polar vortex during winter could lead to scavenging of chlorine atoms out to the hydrochloric acid reservoir: C1 + C2H 6 --> HC1 + C2H5, 
and so can be driven or limited by HOx production. Methane oxidation is the primary source of hydrogen radicals in the existing ozone hole [Prather, 1992 We begin by describing the detailed kinetic model of Antarctic stratospheric chemistry which has been used to analyze alkane additions. In common with several other efforts to simulate polar vortex ozone depletions, it is fixed in location and contains parameterized heterogeneous reactions for C1ONO2 and N205 [Rodriguez et al., 1989; Prather, 1992; Crutzen et al., 1992] . Complete and explicit organic oxidation schemes are included [e.g., Atkinson and Lloyd, 1981] . Within this framework we define a baseline model for the actual ozone hole incorporating heterogeneous reaction (3) and computing concentrations for key trace species which are broadly consistent with measurements [e.g., Murcray et al., 1989; Deshler and Hofmann, 1991] . Over a number of injection scenarios, alkanes lead to net hydrochloric acid activation in the baseline and to slightly greater ozone depletions. When (3) is deleted to clarify the relationship with our previous work, plugging of the hole is restored.
We also show that the influence of the new heterogeneous reaction is insensitive to variation in several crucial physical parameters. Among the quantities tested are the duration of PSCs and gas phase rate constants along organic decay sequences. We interpret our results in terms of hydrogen radical cycling during the organic oxidations. Alkane degradation channels in the Antarctic model are similar to those responsible for photochemical production and removal of HOx in the troposphere [Crutzen, 1988; Crutzen et al., 1992] . Attack by the chlorine atom on ethane or propane does generate hydrochloric acid, but breakdown continues and releases several HOx radicals into the photochemical system, at least one immediately, others after a short time delay. With reaction (3) operative in the baseline scenario, the HOx activates enough chlorine to cancel the initial hydrogen abstraction, and then to increase C1Ox levels relative to real vortex chemistry. The outcome is not appreciably different under other conditions unless (3) is removed.
In a final discussion section we list some uncertainties in the model and touch briefly on the relevance of our collected ozone remediation research for environmental engineering proposals as a class; it is clear from our experience that the response of terrestrial atmospheric photochemistry to largescale intervention may be difficult to predict.
Model Description
The high-latitude kinetics adopted here derive from an existing set of one-dimensional stratospheric programs [Turco and Whitten, 1974, 1977; Turco, 1985 HC1 + N20 5 --> C1NO 2 + HNO3, (6) H20 + C1ONO 2 --> HOC1 + HNO3,
H20 + N20 5 --> HNO 3 + HNO 3. Table 2 is not atypical Granier and Brasseur, 1992; Prather, 1992]. In one ozone hole preprocessing calculation, N205 was removed almost completely, and there was a large net shift of inorganic chlorine from the C1ONO 2 reservoir toward HOC1 [Prather, 1992] . The concentration set labeled Sulfate in Table 2 quencies, we average the calculated surface areas over the entire PSC period in the type I case and from first formation to disappearance for type II. Surfaces were modulated in several sensitivity tests, but the effect on ozone and important nitrogen-and chlorine-containing trace constituents was insignificant. All runs reported here employed the timeaveraged surface areas in Table 3 . Photolysis of nitric acid is a major mechanism for regeneration of NOx lost to heterogeneous reactions (5) Photochemical rates for (3) and (5) 
Model Runs
We assume the conditions summarized here in Tables 1   through 4 
and a principal fate of HOx is (4). In the portion of Table 5 labeled alkane oxidation/chlorine branch, (3) recreates C1Ox if it is lost during initial hydrogen abstraction. Formaldehyde photolysis to the formyl radical yields net activation of HC1.
The competing photolysis to CO and molecular hydrogen is not shown but is null with respect to C1Ox. Chlorine attack on CH20 is also null. Hydrogen abstraction by hydroxyl from either methane or formaldehyde can give net HC1 conversion, but the chlorine atom reactions are usually more important because they have larger rate constants. Ethane For CH20 fragmentation, see Table 5. ute to HOx production ( Table 6 ). The HOx radicals enter Table 5 and Table 6 Tables 5 and 6 chains end at (4). Short PSC periods will tend to favor plugging of the ozone hole by alkanes but also render mitigation less critical since losses are small to begin with.
In the last run detailed in Table 7 , rates for the class of reactions RO2 + C10 were lowered an order of magnitude relative to the baseline. Ozone concentrations were not sensitive to peroxy radical processes over this range. In separate experiments not tabulated, setting rate constants for all of the set 11 to 0 returned the plugging capabilities of the alkanes. The reaction sequence (12) and (13) destroys hydrogen radicals and so prevents them from activating chlorine in (3) and (4). The HOx production mechanism familiar from NOx rich tropospheric situations [Crutzen, 1988] is damped because C10 does not take the place of NO.
In another set of untabulated results, 2 ppbv ethane injections were either delayed until August 1 or else repeated every 2 weeks throughout August and September. In both cases, deepening was even stronger than in the baseline. Additions of tens of parts per billion by volume alkane eventually reverse the deepening trend but probably would not be feasible to deliver to the stratosphere [Cicerone et al., 1991 [Cicerone et al., , 1992 .
Discussion
Our latest simulations of engineered Antarctic chemistry indicate that (3) counteracts the ability of alkanes to sequester chlorine atoms by channeling HO• of organic origin into HC1 activation. In baseline runs and others, alkane injections can actually increase ozone depletions. The chain of events leading from initial hydrogen abstraction through hydrocarbon oxidation to net chlorine activation can be understood in terms of the reactions in Table 6. A number of large uncertainties bear on these conclusions. Some are common to polar stratospheric chemistry models in general. Laboratory data for the known heterogeneous reactions still cannot be translated to the stratosphere with complete confidence because real atmospheric conditions and surfaces are difficult to duplicate [Hanson and Ravishankara, 1991a, b; Drdla et al., 1993] . It is also possible that the list of surface processes which must be considered in stratospheric models will grow longer. The recent measurements of high HC1 + HOC1 efficiencies opened up entirely new kinetic channels to investigation and both motivated and necessitated the present work [ The relationship between our older and more recent simulations illustrates an even more crucial problem in assessing concepts for large-scale environmental engineering. The addition of a single reaction to the photochemical system has altered the major results. Our experience demonstrates that the atmosphere can hold surprises, no matter how sophisticated models may be. The ozone hole itself is, of course, another case in point.
Summary
The scientific community has been confronted with several propositions for direct intervention into the terrestrial environmental system to reverse large-scale pollution phe- other ozone hole studies; heterogeneous reaction rates are not well known and observational data are relatively sparse. We have focused sensitivity testing to some extent on parameters associated directly with the alkane additions. Amounts and timing of ethane introduction were varied, along with the peroxy rates. Centering on the alkane chemistry led necessarily to sacrifices in tests of other quantities, particularly those describing clouds and heterogeneous reactions. We suggest that models of environmental engineering will find this a typical difficulty. Schemes such as vortex alkane injection will generally bring with them a set of uncertainties which must be superimposed on those of the natural system. A more critical dilemma in the assessment of engineered solutions to large-scale pollution problems is highlighted by the contrast between our first and second set of ozone hole calculations. Introduction of a single new photochemical reaction forced major revisions to our original conclusions. It is evident that even state of the art atmospheric models cannot be expected to anticipate all ramifications of an intervention concept.
